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Increased cerebral blood flow pulsatility is common in vascular dementia and is associated 
with macrostructural damage to cerebral white matter or leukoaraiosis (LA). In this study, 
we examine whether cerebral blood flow pulsatility is associated with macrostructural 
and microstructural changes in cerebral white matter in older adults with no or mild LA 
and no evidence of dementia. Diffusion Tensor Imaging was used to measure fractional 
anisotropy (FA), an index of the microstructural integrity of white matter, and radial 
diffusivity (RaD), a measure sensitive to the integrity of myelin. When controlling for 
age, increased arterial pulsation was associated with deterioration in both measures of 
white matter microstructure but not LA severity. A stepwise multiple linear regression 
model revealed that arterial pulsatility index was the strongest predictor of FA {R = 0.483, 
adjusted R 2 = 0.220), followed by LA severity, but not age. These findings suggest that 
arterial pulsatility may provide insight into age-related reduction in white matter FA. 
Specifically, increased arterial pulsatility may increase perivascular shear stress and lead 
to accumulation of damage to perivascular oligodendrocytes, resulting in microstructural 
changes in white matter and contributing to proliferation of LA over time. Changes in 
cerebral blood flow pulsatility may therefore provide a sensitive index of white matter 
health that could facilitate the early detection of risk for perivascular white matter damage 
and the assessment of the effectiveness of preventative treatment targeted at reducing 
pulsatility. 

Keywords: arterial pulsatility, pulse wave encephalopathy, leukoaraiosis, fractional anisotropy, diffusion tensor 
imaging 



INTRODUCTION 

Cerebral white matter changes are prevalent in healthy age- 
ing and are typically detected as leukoaraiosis (LA), a common 
radiological finding that presents as increased signal intensity 
on T2-weighted MR images. These macrostructural changes in 
cerebral white matter are generally thought to result from inad- 
equate arterial flow and resultant ischaemia. However, cerebral 
blood flow pulsatility may also contribute or indeed be the pri- 
mary contributor to these macrostructural white matter changes 
(Bateman et al., 2006; Mitchell et al., 2011). In order to establish 
whether cerebral blood flow pulsatility may be a useful indicator 
of emerging white matter pathology in otherwise asymptomatic 
individuals, we examined the association between blood flow pul- 
satility and microstructural properties of white matter measured 
using Diffusion Tensor Imaging (DTI). This could, ultimately, 
have implications for early detection of emerging white matter 
damage and guide interventions to stem the development of LA. 

Arterial flow is pulsatile and causes a periodic increase in blood 
volume entering the intracranial cavity. According to the Monroe- 
Kellie doctrine, since the intracranial cavity has a fixed volume 



that is confined by a rigid skull, volume expansion due to arterial 
systolic flow must be accompanied by an equal volume reduction 
via the ejection of cerebrospinal fluid (CSF) and/or venous flow 
out of the cranial cavity. Given that physiological capillary flow is 
non-pulsatile, blood flow into the cranial cavity of a greater pul- 
satility will contain more energy that needs to be dissipated prior 
to reaching the capillary bed. Under normal physiological con- 
ditions, this pulsation energy is dampened via CSF and venous 
flow out of the cranial cavity, a phenomenon known as the wind- 
kessel effect. Normal ageing and dementia have been linked to a 
breakdown in the windkessel effect, resulting from an increase in 
the magnitude of arterial pulsations and/or a reduction in com- 
pliance of outflow pathways. The tissue damage that may result 
from such abnormal arterial/venous pulsatility has been termed 
pulse wave encephalopathy (Bateman, 2002). 

Presence of LA has been associated with cognitive and motor 
decline in both healthy ageing and vascular dementia (Schmidt 
et al, 1999; Tullberg et al., 2004; Paul et al., 2005; Sachdev et al., 
2005; van der Flier et al., 2005; Onen et al., 2008). While LA 
onset has traditionally been thought to result directly from brain 
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ischaemia, many studies show no significant relationship between 
LA and rate of cerebral arterial inflow (Bateman, 2002; Henry- 
Feugeas et al, 2009) or carotid flow (Patankar et al, 2006). 
Instead, LA has been quite strongly associated with abnormal 
cerebral blood flow pulsations (Bateman, 2002; Doepp et al., 
2006; Bateman et al., 2008; Henry-Feugeas et al, 2009; Mitchell 
et al., 2011; Webb et al., 2012). Several studies have shown that 
cerebral pulsations are positively associated with severity of LA 
(de Leeuw et al., 2000; Webb et al., 2012). For example, Bateman 
(2002) found that arterial pulsatility increased progressively with 
increasing LA in patients with idiopathic dementia. Webb et al. 
(2012) identified a similar relationship between arterial pulsatility 
and LA in patients who had recently suffered a transient ischaemic 
attack or mild stroke, with increased middle cerebral artery pul- 
satility corresponding with an increase in LA severity. Patients 
with vascular dementia also show much higher middle cerebral 
artery and internal carotid pulsatility when compared to normal 
age-matched controls (Biedert et al., 1993; Doepp et al., 2006; 
Vicenzini et al., 2007). Moreover, Bateman et al. (2008) showed 
that both arterial and venous pulsatility are elevated in patients 
with LA and probable early vascular dementia. 

These increases in arterial and venous pulsations were inter- 
preted as markers for arteriosclerosis and venous collagenosis, 
respectively. Henry-Feugeas and Koskas (2012) outline a proba- 
ble mechanism for arterial and venous remodeling and how this 
leads to increased pulsations and associated LA. Existing studies 
have examined the relationship between vascular pulsatility and 
LA in patients with moderate to marked LA severity (Bateman, 
2002) and in patients with early signs of dementia (Bateman et al., 
2008). However, it has not been investigated whether measures 
of arterial or venous pulsatility are useful indicators of emerging 
damage to white matter structure. 

In the present study, we examine whether subtle damage to 
the white matter from pulse wave injury is detectable in older 
adults with mild or no LA and no evidence of dementia. In addi- 
tion to measuring LA severity, we use DTI, a measure sensitive 
to the microstructural organization of cerebral white matter. DTI 
measures the degree of directional dependence of microscopic 
diffusion of water molecules. Since the white matter is highly 
organized into tracts, diffusion across these tracts is obstructed 
resulting in anisotropic diffusion predominantly along the orien- 
tation of fiber tracts. Fractional anisotropy (FA) is a measure of 
the degree to which diffusion is anisotropic and is interpreted as 
an index of microstructural integrity of white matter (Basser and 
Jones, 2002). Even microstructural changes to the white matter 
that affect the level of myelination and the composition of white 
matter bundles can be detected as a reduction in FA. Animal stud- 
ies have shown that changes in directional diffusivities provide 
information regarding underlying changes to the white matter 
microstructure. Specifically, radial diffusivity (RaD) increases as a 
function of myelin breakdown whereas axial diffusivity is sensitive 
to axonal damage (Song et al, 2003, 2005; Sun et al, 2006). 

To determine whether increased pulsatility is related to micro- 
scopic white matter changes indicative of emerging tissue injury, 
we investigate the relationship between pulsation measures from 
CSF, arterial and venous systems and measures of both macro- 
scopic (LA severity) and microscopic (FA and RaD) properties of 



the white matter in older participants with mild or no LA and no 
evidence of dementia. We examine whether changes in vascular 
pulsatility provide a sensitive measure of microscopic changes in 
the white matter that emerge well before evidence of extensive LA 
or associated vascular dementia. If pulse wave injury results from 
increased perivascular shear stress and damage to oligodendro- 
cytes, we expect that microstructural properties of white matter 
will be more sensitive to this injury than gross macrostructural 
changes. Therefore, we predict that greater arterial and venous 
pulsatility will be strongly associated with lower FA and higher 
RaD, even in the absence of substantial LA. 

MATERIALS AND METHODS 
PARTICIPANTS 

Seventy (35 males) individuals aged 43-82 years were recruited 
between January 2011 and August 2012 with equal num- 
bers from the Hunter Medical Research Institute (HMRI) 
"healthy" Volunteer Register and from a general neurology clinic. 
Participants recruited from the HMRI volunteer register had no 
history of any neurological disorder while participants who were 
referred by two neurologists (CL, MP) have been investigated for 
mild stroke or a transient ischaemic attack and had a previous 
routine MRI scan as part of their clinical work-up. 

Five participants were excluded from analysis because they 
scored less than 22 (out of 30) on the Montreal Cognitive 
Assessment (MoCA) as this is indicative of probable demen- 
tia (Nasreddine et al, 2005). Another four participants were 
excluded because their MRI showed evidence of moderate to 
severe LA, i.e., LA volume that exceeded 1.5% of intracranial vol- 
ume. An additional participant was excluded because of marked 
bradycardia (37 bpm) which yielded a very large pulsation 
magnitude. 

The final group of 60 participants exhibited nil to mild LA 
(0.306 ± 0.338 % of intracranial volume; see Table 1) and no 
other neurological diagnosis. Over half (56%) presented one or 
more vascular risk factors for which they received appropriate 
medication. Our sample showed moderately high scores on the 
MoCA (26.74 ± 2.42). All participants also completed a com- 
prehensive neuropsychological assessment focussing on memory 
and executive function, as well as a testing session using complex 
experimental paradigms that assess cognitive control. These data 
are not included in this present paper. 

IMAGING PROTOCOLS 

All participants were imaged on a 3T Siemens Verio scan- 
ner using a 32 channel head coil. Tl-weighted images were 
acquired in the sagittal plan using ultrafast gradient echo 3D 
sequence (MPRAGE) with 1 mm isotropic voxel resolution (rep- 
etition time = 1500 ms; echo time = 2.57 ms; inversion time = 
900 ms; flip angle = 9°; slice thickness = 1 mm with no gap; 
TA = 3 min 29 s). A 3D Fluid Attenuated Inversion Recovery 
(FLAIR) sequence with 1 mm isotropic voxels was acquired in 
the sagittal plane using a phase encoding acceleration factor of 2 
(TR = 5000 ms; TE = 395 ms; TI = 1800 ms; 160 slices with slice 
thickness = 1 mm, TA = 5 min 52 s). Diffusion weighted images 
(DWI) were acquired in axial plane using a twice refocussed spin 
echo sequence with a phase encoding acceleration factor of 3 
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Table 1 | Mean (standard deviation) for age, Montreal Cognitive 
Assessment (MoCA), leukoaraiosis severity (LA), mean fractional 
anisotropy (FA), and radial diffusivity (RaD) as well as clinical profile 
of participants. 



Measure 


Mean (SD) 


Range 


Age 


65.67 years (9.31) 


43-82 years 


MoCA 


26.74 (2.42) 


22-30 


LA (% Intracranial volume) 


0.306 (0.338) 


0.017-1.297 


FA 


0.398 (0.017) 


0.356-0.437 


RaD 


0.451 (0.026) 


0.406-0.515 


Clinical profile 


Yes 


No 


Vascular risk factors present 


32 (53%) 


28 (47%) 


Hypertension 


23 (38%) 




Hypercholesterolemia 


18 (30%) 




Atrial fibrillation 


7 (12%) 




Multiple vascular risk factors 


19 (32%) 





(128 x 128 matrix; TR = 11200 ms; TE = 111ms; 55 slices with 
a slice thickness =2.2 mm; TA = 13 min 6 s). Diffusion was mea- 
sured in 64 non collinear directions with a fr-value of 3000 mm 2 /s 
along with one non diffusion weighted (b = 0) image. This high 
fo-value provides enhanced contrast to noise and decreased T2 
shine through effect at a relative cost on signal to noise ratio 
(SNR) (DeLano et al, 2000). However, higher SNR's achieved at 
acquiring image at 3T compensates for the inferior SNR at high 
b-value DWI. 

All measurements of blood flow were quantified using a 
retrospectively cardiac-gated phase contrast flow quantification 
sequence (TR = 26.5ms; TE = 6.9ms; slice thickness = 5mm; 
matrix 256 x 256). For the quantification of arterial flow, a sin- 
gle excitation with a velocity encoding (venc) value of 75 cm/s 
was used and a section plane was implemented to intersect both 
the basilar artery as well as the cavernous portion of the inter- 
nal carotid arteries at the level of the skull base (see Bateman, 
2002). Two excitations with a venc value of 40 cm/s were used to 
measure the superior sagittal sinus (SSS) and straight sinus (ST) 
flow with the slice positioned at an angle that intersected the SSS 
~2 cm above the torcular and directly through the midpoint of 
the ST (Bateman, 2002). To measure the flow of CSF through the 
cerebral aqueduct, a venc value of 22 cm/s was used with a slice 
placed through the lower portion of the midbrain. Any aliasing 
that was present was excluded by retrospectively manipulating the 
base lines of each resultant graph, which gave an effective upper 
limit of 80 cm/s for venous and 150 cm/s for arterial flows. The 
MR flow quantification sequence utilized by this study is available 
on the majority of commercial scanners. 

QUANTIFYING MEASURES OF LEUKOARAIOSIS SEVERITY, RADIAL 
DIFFUSIVITY AND FRACTIONAL ANISOTROPY 

A FLAIR was used for the calculation of LA severity. LA sever- 
ity was determined for each participant by manually segmenting 
areas of hyperintense white matter present in the FLAIR images 
and saving these as regions of Interest (ROI). The total volume of 
LA was expressed as a percentage of intracranial volume. White 
matter FA and RaD measures were calculated from diffusion 



weighted images using the software package FSL. To isolate white 
matter from the rest of the brain tissue, we utilized a white matter 
mask based on the Tl structural image in conjunction with a sec- 
ond mask that was derived from performing probabilistic whole 
brain tractography using the software package MRtrix (Tournier 
et al., 2012). To ensure that the measures of FA and RaD were not 
affected by gray matter partial volume effects, we used a thresh- 
old of 0.02% on the tractography-based mask as this threshold 
excluded the white/gray matter boundary regions. 

CALCULATING MEASURES OF CEREBRAL BLOOD FLOW 

A region of interest was placed around the basilar and carotid 
arteries in each participant; the sum of the flow of this region 
gave the total arterial inflow. The arterial pulsatility index was 
derived by dividing the difference between maximum and min- 
imum flow by the mean flow across this region. Arterial pulse 
volume represents the degree to which the arterial tree expands 
in systole and was calculated by multiplying the mean increase of 
flow during systole by the time over which systole occurred (see 
Bateman, 2002). Arterial systole duration was defined as the period 
from where the flow rate was greater than the overall mean flow 
rate. Since the arterial pulse volume is calculated by taking the 
product of the increased flow and duration of systole, it is pos- 
sible for pulse volume to be within normal limits even in the 
presence of an abnormal increase in flow pulsatility, given that 
the pulse duration is shortened to an extent that will counter- 
balance the abnormal increase in systolic flow. Pulse volume is 
also affected by the length of the cardiac cycle, with longer cycles 
having longer systole duration, resulting in larger pulse volumes. 
So instead using arterial flow and arterial systole duration to 
calculate absolute pulse volume, we will use these to extract infor- 
mation regarding arterial pulse wave amplitude and pulse width. 
The arterial pulse amplitude and pulse width informs us about 
the dynamic pulse pressure changes that occur across the heart- 
beat and the amount of energy present in the arterial pulsation. 
The arterial pulse wave amplitude was calculated by expressing the 
difference between the maximal arterial and mean arterial flow as 
a proportion of the mean arterial flow. Arterial pulse width was 
derived by dividing arterial systole duration by the duration of the 
overall cardiac cycle. Measures of mean outflow, venous pulsatil- 
ity as well as pulse volume, amplitude and width were calculated 
for the SSS and ST using the same principles as those used for 
the arterial measures. The aqueduct pulse represents the volume of 
CSF vented through the mesencephalic duct and was obtained for 
each participant by measuring the mean flow directed inferiorly 
during systole and multiplying it by the time taken for systole. We 
also measured aqueduct pulse volume as a percentage of arterial 
pulse volume to derive an index of intracranial compliance, with 
an increase in percentage indicating reduction in compliance. 

All flow measures were baseline corrected through the use 
of background subtraction. This reduces the phase offset error 
that occurs as a result of local magnetic field inhomogeneities. 
Care was taken to ensure that the baseline reference region of 
interest was placed in close vicinity to the vessel of interest 
and that it did not include any vessels or air. For CSF flow, 
we used a reference region of interest of 1 cm 2 on the brain 
stem. For arterial and venous flow, we used a 1.5 cm 2 reference 
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region of interest on the brain stem and on deep white matter, 
respectively. 

The relationship between non-pulsatile and pulsatile haemo- 
dynamic measures and measures of white matter disruption were 
analyzed using Pearson product-moment correlations with one- 
tailed a = 0.05, as hypotheses about the relationship between 
haemodynamic measures and white matter measures are direc- 
tional. Since multiple correlations were performed, family-wise 
error rate was controlled using a Bonferroni correction of a/9, 
yielding a significance level of a = 0.005. Correlations that 
remained significant after Bonferroni correction were corrected 
for age using partial correlations, as age is also associated with 
changes in white matter structure. As a rule, including age as a 
partial factor reduced the strength of significant correlations but 
did not markedly change the pattern of results. Stepwise mul- 
tiple linear regression models (p < 0.05 for entry and p > 0.10 
for removal) were used to select whether arterial pulsatility, LA 
severity and age predicted mean FA. 

RESULTS 

Descriptive statistics for all pulsatile and non-pulsatile flow data 
are presented in Table 2. There were no significant correlations 
between measures of non-pulsatile blood flow (both arterial and 
venous) and measures of white matter disruption after correcting 
for age (allp > 0.05). Aqueduct pulse volume was not related to 
LA severity (p > 0.10) but was significantly correlated with both 
FA (r = —0.404, p = 0.012 after Bonferroni correction) and RaD 
(r = 0.470, p = 0.001 after Bonferroni correction), and these 
correlations remained significant after correcting for age. 

Table 3 presents correlations between white matter measures 
and pulsatile haemodynamic flow measures. Arterial pulsatile 
measures showed a consistent pattern of association with mea- 
sures of white matter disruption. LA severity showed a significant 
positive correlation with arterial pulse wave amplitude, but this 
correlation was not retained when controlling for age (Table 3B). 
Microstructural white matter measures showed stronger find- 
ings than LA severity. All arterial pulsatility measures were sig- 
nificantly correlated with both mean FA and RaD (Figure 1). 
Specifically, higher arterial pulsatility index (Table 3A), larger 
arterial pulse wave amplitude (Table 3B) and smaller arterial 
pulse width (Table 3C) were associated with lower FA and higher 
RaD scores and all correlations remained significant after control- 
ling for age. 

None of the venous pulsatile measures for the SSS region was 
significantly correlated with measures of white matter disrup- 
tion (Table 3). Increased pulsatility index for the deep ST venous 
region was significantly associated with reduced FA and increased 
RaD (Table 3A). However, the correlation between ST pulsatility 
and RaD was eliminated after controlling for age. Moreover, the 
correlation between ST pulsatility and FA was eliminated when 
controlling for both age and corresponding arterial pulsatility 
(p > 0.463). 

As shown in Table 3, all three measures of arterial pulsatility 
(pulsatility index, pulse wave amplitude and pulse width) were 
associated with both FA and RaD, but FA was slightly more sen- 
sitive after adjusting for age. However, since age was correlated 
with LA severity (r = 0.409) and both age and LA severity were 



Table 2 | Means and standard deviations for both pulsatile and 
non-pulsatile flow measures. SSS, superior sagittal sinus; ST, straight 
sinus. 



Measure 


Mean (SD) 


Range 






Arterial inflow (mL) 


709.24 (135.20) 


475.56-1158.00 


SSS outflow (mL) 


319.78 (68.76) 


196.42-560.90 


ST outflow (mL) 


114.73 (25.96) 


(53.82-169.46) 


SSS outflow (%inflow) 


45.39 (6.84) 


(33.26-64.34) 


ST outflow (%inflow) 


16.37 (3.42) 


(8.55-25.08) 


PULSE VOLUME (\iL) 






Aqueduct 


55.01 (31.94) 


(8.67-215.97) 


Arterial 


1439.77 (469.69) 


(543.87-2494.73) 


SSS 


315.67 (165.98) 


(69.84-802.98) 


ST 


86.57 (47.21) 


(18.32-235.20) 


Intracranial compliance 


3.82 (1.68) 


(1.10-10.81) 




Arterial 


1.00 (0.23) 


(0.61-1.56) 


SSS 


0.55 (0.19) 


(0.22-1.18) 


ST 


0.46 (0.18) 


(0.16-1.12) 


PULSE WAVE AMPLITUDE 






Arterial 


0.59 (0.15) 


(0.32-1.05) 


SSS 


0.29 (0.12) 


(0.11-0.69) 


ST 


0.24 (0.12) 


(0.08-0.65) 


PULSE WIDTH 






Arterial 


0.41 (0.04) 


(0.31-0.49) 


SSS 


0.48 (0.06) 


(0.30-0.64) 


ST 


0.50 (0.08) 


(0.32-0.71) 



Table 3 | Partial correlations between measures of white matter 
disruption and measures of pulsatile haemodynamics, correlations in 
bold were significant after correcting for age. 



Arterial SSS 


ST 






LA - 




FA -0.483*** 


-0.332* 


RaD 0.467** 


0.333* 


(B) PULSE WAVE AMPLITUDE 


LA 0.337* 




FA -0.505*** 




RaD 0.510*** 






LA - 




FA 0.387* 




RaD -0.398** 





Abbreviations: LA, leukoaraiosis severity; FA, fractional anisotropy; RaD, radial 
diffusivity; SSS, superior sagittal sinus; S~F straight sinus. *p < 0.05, **p < 0.01, 
***p< 0.001 (after Bonferroni correction). 



associated with FA (r = —0.387 and r = —0.405), we performed 
a multiple linear regression using age, LA severity and the arterial 
pulsatility index as explanatory variables with FA as the depen- 
dent variable. This analysis resulted in two models. The first 
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FIGURE 1 | Scatterplots of the relationship between arterial pulsatility 
index and (A) leukoaraiosis severity, (B) fractional anisotropy, and (C) 
radial diffusivity. 



model included only arterial pulsatility index as a predictor of 
FA (R = 0.483, adjusted R 2 = 0.220), while the second included 
both arterial pulsatility index and LA severity as predictors of FA 
(R = 0.554, adjusted R 2 = 0.283). Age was not a significant pre- 
dictor of FA in either model. These findings suggest that arterial 
pulsatility is a stronger predictor of white matter FA than either 
age or LA severity. The results were replicated in separate analy- 
ses using arterial pulse wave amplitude and arterial pulse width 
instead of arterial pulsatility index as one of the predictors 1 . 



1 Arterial pulse wave amplitude was the strongest predictor of mean FA (R = 
505, adjusted R 2 = 0.242) and model was significantly improved when LA 



x 

• 1.6 
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li 0.8 
< 0.6 



1.0 - 




0.36 



0.38 



0.40 
FA 



0.42 



0.44 



FIGURE 2 | Relationship between arterial pulsatility index and 
fractional anisotropy for participants with (triangles down) and 
without cardiovascular risk factors (triangles up). 



The presence of cardiovascular risk factors (e.g., hyperten- 
sion, hypercholesterolemia, atrial fibrillation, diabetes) is likely to 
influence both blood flow pulsatility and microstructural changes 
to the white matter and to be associated with greater risk for 
LA. Figure 2 depicts the data presented in Figure IB coded on 
the basis of presence or absence of cardiovascular risk factors. 
Arterial pulsatility was strongly correlated with FA in partici- 
pants with one or more cardiovascular risk factor (r = 0.614, 
p < 0.001), but not in participants with no cardiovascular risk 
factors (r = —0.127, p = 0.248). Thus, the association between 
white matter disruption and increased arterial pulsatility appears 
to be influenced by the presence of cardiovascular risk factors. 

To summarize, measures of arterial and venous non-pulsatile 
haemodynamics were not significantly related with any measure 
of white matter disruption. Measures of white matter microstruc- 
ture (e.g., FA and RaD) were weakly correlated with aqueduct 
pulse volume and with pulsatility in deep venous territories, 
but more strongly correlated with measures of arterial pulsatile 
haemodynamics. While macrostructural changes in white matter 
(i.e., LA severity) were also correlated with arterial pulsatility, the 
correlation was notably weaker than for white matter microstruc- 
ture and failed to remain significant after controlling for age. 
Together these findings suggest that disruption to white matter at 
a microstructural level is associated with greater inflow pulsatility. 

DISCUSSION 

This is the first study to show that measures of pulsatile haemo- 
dynamics in older adults with negligible or mild LA are associated 
with microstructural changes in the white matter. Specifically, 
increased pulsatility index, larger pulse wave amplitude and nar- 
rower pulse width for arterial blood flow were significantly associ- 
ated with lower FA and higher RaD, indicative of microstructural 
disruption of white matter organization. These findings indicate 



severity was also included {R = 0.563, adjusted R 2 = 0.293). When using 
arterial pulse width, LA severity was the stronger predictor of FA {R = 405, 
adjusted R 2 = 0. 150), and the model was significantly improved when adding 
arterial pulse width (R = 515, adjusted R 2 = 0.239). 
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that the reduction in white matter FA often seen with increas- 
ing age is linked to the age-related increase in arterial pulsatility 
and highlight the potential role of arterial pulsatility in explaining 
age-related reduction in FA. Measures of pulsatile haemody- 
namics in deep venous territory (i.e., straight sinus) were also 
associated with lower FA and higher RaD. However, these rela- 
tionships were weak and were not retained when controlling for 
the corresponding arterial measures. 

Increased arterial pulsatility, as indicated by a higher pulsatil- 
ity index, larger pulse wave amplitude and narrower pulse width, 
results in increased pulse energy. This increase in pulse energy 
may lead to a breakdown in Monroe-Kellie homeostasis and dis- 
rupt vascular and perivascular ultrastructure (Bateman, 2004). 
Increased arterial pulsatility is indicative of a decrease in arte- 
rial compliance and has been suggested to be due to cerebral 
arteriosclerosis (Henry-Feugeas, 2009). If this increased energy 
is not effectively dampened, it may over time filter into deep 
venous territories, resulting in remodeling of these venous struc- 
tures (venous collagenosis) and reduced compliance in these 
vessels. This could result in obstruction of venous outflow chan- 
nels and the reflection of pulse wave energy from the venous 
structures back toward the capillary bed. In turn, this may inten- 
sify capillary pulsation and perivascular sheer stresses, promoting 
further perivascular demyelination. This model fits well with the 
current findings that arterial pulsatility was more consistently 
related to extent of microstructural damage to the white mat- 
ter whereas the venous findings were weaker and mediated by 
arterial changes. However, as these findings are based on corre- 
lational analyses, experimental studies are required to test this 
model. 

In the present study, we showed that LA severity was weakly 
associated with arterial pulsatility, but this relationship was medi- 
ated by variability related to age. This finding is somewhat 
discrepant with the findings of earlier studies (Bateman, 2002; 
Doepp et al, 2006; Bateman et al, 2008; Mitchell et al, 2011; 
Webb et al, 2012) that tested participants with moderate to 
marked LA severity. As our participants had only negligible or 
mild LA, the weak correlation between vascular pulsatility and LA 
severity may be due to a restriction of variability in LA severity. 
Henry-Feugeas et al. (2009) also showed that increased arte- 
rial pulsatility is not a necessary condition for the onset of LA, 
suggesting that reduced intracranial compliance even under nor- 
mal/low arterial pulsation conditions may be an alternative main 
determinant of LA severity. Together these findings suggest two 
possible mechanisms to LA: an "arteriosclerotic" process associ- 
ated with severe arterial windkessel dysfunction, and a "resistive 
pulse wave encephalopathy" process associated with a decrease in 
craniospinal compliance. 

Importantly, the current findings show that in people with 
mild LA, pulsatile components of blood flow are more closely 
related to white matter micro structure than macrostructure. 
Bateman et al. (2008), see also Henry-Feugeas and Koskas, 2012) 
suggested that increased vascular pulsatility may cause white mat- 
ter damage by increasing perivascular shear stress and inducing 
perivascular atrophic demyelination. FA is posited as an indica- 
tor of microstructural integrity (Basser and Jones, 2002), whereas 
RaD is affected by variability in myelination (Song et al., 2005). 



These measures are therefore likely to be sensitive to early changes 
in the structural organization of white matter that are likely to 
precede the emergence of LA. 

It is important to note that we used measures of mean FA 
and mean RaD across the whole brain as estimates of diffuse 
microstructural properties of white matter. Our reasoning was 
that since arterial pulsatility is calculated at the level of arte- 
rial flow into the cranial cavity, it would be useful to examine 
whether this is associated with changes in whole brain white 
matter. However, measures of FA and RaD are influenced by 
microstructural tissue properties, such as myelin density and 
membrane integrity, which vary throughout the brain. Thus, 
some white matter regions may be more susceptible to changes 
associated with increased arterial pulsatility than others. We 
examined this by tested the relationship between arterial pulsatil- 
ity and FA / RaD in 18 prominent white matter tracts derived 
using the John Hopkins University (JHU) white matter tract atlas. 
While arterial pulsatility was significantly associated with both FA 
and RaD in 17 of the 18 white matter tracts {p < 0.041, with 
14 of these having p < 0.003), it was most strongly correlated 
with whole brain FA and RaD than for any specific white mat- 
ter tract. It is likely that microstructural white matter measures 
in specific tracts will be more strongly associated with measures 
of arterial pulsatility in smaller arteries that supply these rele- 
vant brain regions. However, importantly, the present findings 
suggest that whole brain FA and RaD may be sensitive measures 
of early changes in white matter microstructure as a result from 
changes in pulse-wave dynamics that emerge prior to the man- 
ifestation of gross macrostructural changes on T2-weighted MR 
images. 

CARDIOVASCULAR RISK FACTORS 

The association between arterial pulsatility and white matter 
microstructure was only present for participants who presented 
with one or more cardiovascular risk factor. While the analysis 
was post-hoc, the results support the contention that white matter 
disruption associated with increased arterial pulsatility in partic- 
ipants with negligible or mild LA is influenced by the presence 
of cardiovascular risk factors. Although this finding is intrigu- 
ing, it is possible that it is partly due to greater variation in both 
arterial pulsatility and FA in the presence of cardiovascular risk 
factors. Further work is needed to confirm this relationship and 
investigate the effect of specific risk factors. 

NON-PULSATILE HAEM0DYNAMIC FINDINGS 

As predicted, we found no relationship between LA severity and 
measures of arterial inflow in older adults with mild LA and 
no evidence of dementia. This is consistent with previous find- 
ings (Bateman, 2002; Henry-Feugeas et al, 2009) and provides 
further evidence that LA may occur independently of ischaemia 
or reduced arterial flow. Bateman et al. (2008) showed that SSS 
outflow as a percentage of inflow was reduced in patients with 
vascular dementia and LA, when compared to a healthy ageing 
group. Reduction in SSS outflow has been shown to be related to 
increased SSS pressure, resulting in a pressure differential between 
superficial and deep venous territories (Bateman, 2007). This is 
thought to promote pulsation redirection to the deep system as 
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seen in vascular dementia patients. In our healthy older adults 
with only mild LA, we found no relationship between LA severity 
and SSS venous return. These findings suggest that elevated SSS 
venous pressure and reduced SSS flow is evident in severe but not 
mild LA. 

CEREBRAL HYDRODYNAMIC FINDINGS 

It is interesting that neither CSF pulse volume nor the index of 
intracranial compliance showed an association with LA severity 
despite both being associated with FA and RaD. This detectable 
change in CSF flow in the aqueduct is thought to result from 
increased passage of the systolic pulse wave into the capillary 
bed, thereby increasing capillary pulsation (Stivaros and lackson, 
2007). During capillary pulsation, brain expansion is directed 
toward the ventricles, which results in an increase in intraventric- 
ular pulse pressure and hyperdynamic flow of CSF through the 
cerebral aqueduct, as described in hydrocephalic patients (Henry- 
Feugeas et al, 2005). In addition to increased CSF flow through 
the cerebral aqueduct, increased pulsations within the ST was also 
associated with FA and RaD. Thus, as seen previously in patients 
with vascular dementia (Bateman et al., 2008), increased pulsa- 
tions are preferentially distributed to the ST territory and CSF 
outflow. This provides further evidence that larger arterial pul- 
sations in the deep parenchyma of the brain are associated with 
demyelination and perivascular rarefaction. 

CONCLUSION 

The present study showed that, in older adults with negligible or 
mild LA and no evidence of dementia, increased arterial pulsatil- 
ity is related to changes in white matter microstructural organi- 
zation in the absence of an association with LA severity. These 
findings suggest that pulse wave injury is associated with early dis- 
ruption to the structural properties of white matter. We argue that 
changes in white matter microstructure measured through DTI 
may provide an early marker of damage to the perivascular white 
matter arising as a result of pulse wave injury well before this 
injury results in LA. While intriguing, these conclusions are based 
on correlational analyses and hence can only speculate regarding 
causation. Prospective longitudinal designs are needed to exam- 
ine whether arterial pulsatility and microstructural white matter 
measures can predict future severity of LA. 

ACKNOWLEDGMENTS 

We thank the Hunter Medical Research Institute (HMRI) 
Research Register for recruitment of healthy participants and 
Kristy Morris for recruitment of patients. We also thank Patrick 
Cooper for assistance with data collection and laime Rennie for 
assistance with image processing. The protocol was approved by 
the Hunter New England Human Research Ethics Committee 
(HNEHREC Approval No: 10/03/17/5.04). This work was funded 
by an HMRI Project Grant to Frini Karayanidis, Grant A. 
Bateman, Christopher R. Levi, Mark W. Parsons, and Patricia T. 
Michie and an Australian Research Council — Discovery Project 
(DP120100340) to Frini Karayanidis, Mark W. Parsons, and 
Patricia T. Michie. Todd A. D. Jolly was supported by an 
Australian Postgraduate Award (APA) and an HMRI Research 
Higher Degree Scholarship. 



REFERENCES 

Basser, P, J., and Jones, D. K. (2002). Diffusion-tensor MRI: theory, experimental 
design and data analysis — a technical review. NMR Biomed. 15, 456-467. doi: 
10.1002/nbm.783 

Bateman, G. A. (2002). Pulse-wave encephalopathy: a comparative study of 
the hydrodynamics of leukoaraiosis and normal pressure hydrocephalus. 
Neuroradiology 44, 740-748. doi: 10.1007/s00234-002-0812-0 

Bateman, G. A. (2004). Pulse wave encephalopathy: a spectrum hypothesis incor- 
porating Alzheimer's disease, vascular dementia and normal pressure hydro- 
cephalus. Med. Hypotheses 62, 182-187. doi: 10.1016/S0306-9877(03)00330-X 

Bateman, G. A. (2007). Magnetic resonance imaging quantification of compliance 
and collateral flow in late-onset idiopathic aqueductal stenosis: venous patho- 
physiology revisited. /. Neurosurg. 107, 951-958. doi: 10.3171/JNS-07/11/0951 

Bateman, G. A., Levi, C. R., Schofield, P., Wang, Y., and Lovett, E. C. 
(2006). Quantitative measurement of cerebral haemodynamics in early vas- 
cular dementia and Alzheimer's disease. /. Clin. Neurosci. 13, 563-568. doi: 
10.1016/j.jocn.2005.04.017 

Bateman, G. A., Levi, C. R., Schofield, P., Wang, Y., and Lovett, E. C. (2008). 
The venous manifestations of pulse wave encephalopathy: windkessel dysfunc- 
tion in normal aging and senile dementia. Neuroradiology 50, 491-497. doi: 
10.1007/s00234-008-0374-x 

Biedert, S., Forstl, H., and Hewer, W. (1993). The value of transcranial Doppler 
sonography in the differential diagnosis of Alzheimer's disease vs multi-infarct 
dementia. Mol. Chem. Neuropathol. 19, 15-23. doi: 10.1007/BF03160165 

DeLano, M. C., Cooper, T. G., Siebert, J. E., Potchen, M. J., and Kuppusamy, K. 
(2000). High-b-value diffusion-weighted MR imaging of adult brain: image 
contrast and apparent diffusion coefficient map features. Am. J. Neuroradiol 
21, 1830-1836. 

de Leeuw, F. E., de Groot, J. C., Oudkerk, M., Witteman, J. C., Hofman, A., van 
Gijn, J., et al. (2000). Aortic arteriosclerosis at middle age predicts cerebral 
white matter lesions in the elderly. Stroke 31, 425-429. doi: 10.1161/01.STR. 
31.2.425 

Doepp, E, Valdueza, J. M., and Schreiber, S. J. (2006). Transcranial and extracranial 
ultrasound assessment of cerebral haemodynamics in vascular and Alzheimer's 
dementia. Neurol. Res. 28, 645-649. doi: 10.1179/016164106X130380 

Henry- Feugeas, M. C. (2009). Intracranial MR dynamics in clinically diagnosed 
Alzheimer's disease: the emerging concept of "pulse wave encephalopathy". Curr. 
Alzheimer Res. 6, 488-502. doi: 10.2174/156720509790147124 

Henry- Feugeas, M. C., De Marco, G., Peretti, 1. 1., Fredy, D., and Claeys, E. S. (2005). 
Age-related cerebral white matter changes and pulse-wave encephalopathy: 
observations with three-dimensional MRI. Magn. Reson. Imaging 23, 929-937. 
doi: 10.1016/j.mri.2005.09.002 

Henry- Feugeas, M. C., and Koskas, P. (2012). Cerebral vascular aging: extending 
the concept of pulse wave encephalopathy through capillaries to the cerebral 
veins. Curr. Aging Sci. 5, 157-167. doi: 10.2174/1874609811205020157 

Henry- Feugeas, M. C, Roy, C, Baron, G., and Schouman-Claeys, E. (2009). 
Leukoaraiosis and pulse-wave encephalopathy: observations with phase- 
contrast MRI in mild cognitive impairment. /. Neuroradiol. 36, 212-218. doi: 
10.1016/j.neurad.2009.01.003 

Mitchell, G. E, van Buchem, M. A., Sigurdsson, S., Gotal, J. D., Jonsdottir, M. K., 
Kjartansson, O., et al. (2011). Arterial stiffness, pressure and flow pulsatility 
and brain structure and function: the age, gene/environment susceptibility — 
Reykjavik study. Brain 134, 3398-3407. doi: 10.1093/brain/awr253 

Nasreddine, Z. S., Phillips, N. A., Bedrian, V., Charbonneau, S., Whitehead, V., 
Collin, I., et al. (2005). The Montreal cognitive assessment, MoCA: a brief 
screening tool for mild cognitive impairment. /. Am. Geriatr. Soc. 53, 695-699. 
doi: 10.1 111/j. 1532-5415.2005. 53221.x 

Onen, E, Henry Feugeas, M. C, Roy, C, Baron, G., and Ravaud, P. (2008). 
Mobility decline of unknown origin in mild cognitive impairment: an 
MRIbased clinical study of the pathogenesis. Brain Res. 1222, 79-86. doi: 
10.1016/j.brainres.2008.05.027 

Patankar, T, Widjaja, E., Chant, H., McCollum, C, Baldwin, R., Jeffries, S., 
et al. (2006). Relationship of deep white matter hyperintensities and cerebral 
blood flow in severe carotid artery stenosis. Eur. J. Neurol. 13, 10-16. doi: 
10.1 111/j. 1468-1331.2006.01115.X 

Paul, R. H., Haque, O., Gunstad, J., Tate, D. E, Greive, S. M., Hoth, K., 
et al. (2005). Subcortical hyperintensities impact cognitive function among 
a select subset of healthy elderly. Arch. Clin. Neuropsychol. 20, 697-704. doi: 
10.1016/j.acn.2005.02.004 



Frontiers in Human Neuroscience 



www.frontiersin.org 



November 2013 | Volume 7 | Article 782 | 7 



Jolly et al. 



Microstructural white matter changes 



Sachdev, P. S., Wen, W., and Christensen, H. (2005). White matter hyperintensities 
are related to physical disability and poor motor function. /. Neurol Neurosurg. 
Psychiatry 76, 362-367. doi: 10.1136/jnnp.2004.042945 

Schmidt, R., Fazekas, E, Kapeller, P., Schmidt, H., and Hartung, H. P. (1999). 
MRI white matter hyperintensities: three-year follow-up of the Austrian 
Stroke Prevention Study. Neurology 53, 132-139. doi: 10.1212/WNL.53. 
1.132 

Song, S. K., Sun, S. W., Ju, W. K., Lin, S. J., Cross, A. H., and Neufeld, A. H. (2003). 
Diffusion tensor imaging detects and differentiates axon and myelin degener- 
ation in mouse optic nerve after retinal ischemia. Neuroimage 20, 1714-1722. 
doi: 10.101 6/j.neuroimage.2003.07.005 

Song, S. K., Yoshino, J., Le, T. Q., Lin, S. J., Sun, S. W., Cross, A. LL, et al. (2005). 
Demyelination increases radial diffusivity in corpus callosum of mouse brain. 
Neuroimage 26, 132-140. doi: 10.1016/j.neuroimage.2005.01.028 

Stivaros, S. M., and Jackson, A. (2007). Changing concepts of cerebrospinal fluid 
hydrodynamics: role of phase-contrast magnetic resonance imaging and impli- 
cations for cerebral microvascular disease. Neurotherapeutics 4, 511-522. doi: 
10.1016/j.nurt.2007.04.007 

Sun, S. W., Liang, H. F., Trinkaus, K., Cross, A. LL, Armstrong, R. C, and Song, 
S. K. (2006). Noninvasive detection of cuprizone induced axonal damage and 
demyelination in the mouse corpus callosum. Magn. Reson. Med. 55, 302-308. 
doi: 10.1002/mrm.20774 

Tournier, J. D., Calamante, F., and Connelly, A. (2012). MRtrix: diffusion trac- 
tography in crossing fiber regions. Int. J. Imaging Syst. Tech. 22, 53-66. doi: 
10.1002/ima.22005 

Tullberg, M., Fletcher, E., DeCarli, C, Mungas, D., Reed, B. R., Harvey, D. J., et al. 
(2004). White matter lesions impair frontal lobe function regardless of their 
location. Neurology 63, 246-253. doi: 10.1212/01.WNL.0000130530.55104.B5 



van der Flier, W. M., Middelkoop, H. A. M., Weverling-Rijnsburger, A. W, 
Admiraal-Behol, E, Bollen, E. L., Westendorp, R. G. J., et al. (2005). 
Neuropsychological correlates of MRI measures in the continuum of cog- 
nitive decline at old age. Dement. Geriatr. Cogn. Disord. 20, 82-88. doi: 
10.1159/000086072 

Vicenzini, E., Ricciardi, M. C, Alteri, M., Puccinelli, F., Bonaffini, N., Di Piero, V., 
et al. (2007). Cerebrovascular reactivity in degenerative and vascular dementia: 
a transcranial Doppler study. Eur. Neurol. 58, 84-89. doi: 10.1 159/000103642 

Webb, A. J. S., Simoni, M., Mazzucco, S., Kuker, W, Schulz, U, and Rothwell, P. 
M. (2012). Increased cerebral arterial pulsatility in patients with leukoaraiosis. 
Stroke43, 2631-2636. doi: 10.1161/STROKEAHA.112.655837 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 13 August 2013; accepted: 29 October 2013; published online: 18 November 
2013. 

Citation: Jolly TAD, Bateman GA, Levi CR, Parsons MW, Michie PT and Karayanidis 
F (2013) Early detection of microstructural white matter changes associated with 
arterial pulsatility. Front. Hum. Neurosci. 7:782. doi: 10.3389/fnhum.2013.00782 
This article was submitted to the journal Frontiers in Human Neuroscience. 
Copyright © 2013 Jolly, Bateman, Levi, Parsons, Michie and Karayanidis. This is an 
open-access article distributed under the terms of the Creative Commons Attribution 
License (CCBY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) or licensor are credited and that the original publica- 
tion in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms. 



Frontiers in Human Neuroscience 



www.frontiersin.org 



November 2013 | Volume 7 | Article 782 | 8 



